The recoupling of heteronuclear dipolar interactions between 14 N and 1 H with symmetry-based RN sequences of the R20 9 5 type applied to protons in samples spinning at the magic angle allows one to excite 14 N single-quantum (SQ) or double-quantum (DQ) coherences and reconvert them into observable proton coherences. This offers an alternative to the recoupling of heteronuclear dipolar interactions by rotary resonance. The experimental efficiency of the two-way coherence transfer process is on the order of 9 and 4% for SQ and DQ spectroscopy. Spectra were obtained at 400 and 800 MHz for protons. 
Introduction
Nitrogen-14 NMR, which has long been regarded as a difficult challenge because of the large quadrupole coupling constants of the I = 1 nucleus [1] [2] [3] [4] , has recently experienced a renaissance when it became apparent that it is attractive to use indirect detection via spy nuclei with S = 1/2 such as 13 C or 1 H, in the manner of heteronuclear multiple-quantum correlation (HMQC) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . It is possible to transfer coherence from S to I nuclei via secondorder quadrupole-dipole cross-terms [15] , also known as nitrogen excitation via residual dipolar splittings (NERDS) [9, 14] , via scalar couplings [8, 10] , or via recoupled heteronuclear dipolar interactions [13] . Recoupling of heteronuclear dipolar interactions can be achieved in an elegant manner by using rotary resonance [13, [16] [17] [18] [19] , i.e. by applying a continuous radio-frequency (RF) field to the spy nucleus S = 1/2 with an RF amplitude that is a multiple of the rotor spinning frequency, x S 1 ¼ nx rot . It can be shown that for n = 2 (e.g. if x rot /(2p) = 30 kHz and x S 1 =ð2pÞ ¼ 60 kHz), both the heteronuclear dipolar I-S ( 14 N-1 H) and the S-spin ( 1 H) CSA interactions are recoupled, while the homonuclear S-S 0 ( 1 H-1 H) interactions are reduced by rapid magic angle spinning [13] . Rotary resonance with n = 2 has been used successfully [13] for the indirect detection of 14 N via protons in glycine in natural abundance
This example is challenging because of the strong dipolar couplings between the ammonium protons (which act as spy nuclei) and the nearby protons attached to the C a carbon, but, on the other hand, the 14 N nucleus in the rotating ammonium group of glycine only has a modest quadrupolar constant, which we have estimated [9] to be C Q = 1.18 MHz with g Q = 0.5.
Symmetry-based RN sequences for recoupling of heteronuclear dipolar interactions
This Letter describes the use of symmetry-based RN sequences of the R20 9 5 type [20, 21] 10 applied to the S( 1 H) spins, i.e. 10 repetitions of pairs of p pulses with phases / = 81°and 279°with respect to the x-axis (which is defined to have / = 0°), occupying five rotor periods, i.e. 20 p pulses in five rotor periods. Like in rotary resonance, the proton nutation frequency for this recoupling sequence must be twice the spinning frequency, e.g. if x rot /(2p) = 30 kHz one chooses x S 1 =ð2pÞ ¼ 60 kHz. The same condition can be used to transfer coherence via rotary resonance [13] , but in our hands the transfer through symmetry-based sequences was more efficient. The symmetry numbers 20, 9, and 5 of the R20 9 5 sequence refer to a set of selection rules that exploit the rotational properties of the nuclear spin interactions. If the sequence is applied only to the S( 1 H) spins, the R20 9 5 method leads to symmetry-allowed zero-quantum (I z S z ) recoupling of the heteronuclear dipolar I-S ( 14 N-1 H) and the homonuclear S-spin ( 1 H) CSA interactions, while suppressing all isotropic shifts and homonuclear dipolar coupling terms [17] . The recoupling of the CSA interaction at the same time as the heteronuclear dipolar interaction should not influence the outcome in our context, since the two terms commute. Note that the protons are allowed to evolve and decay freely in the t 1 evolution period. are eliminated because their coherences cannot be transferred to 14 N and back. At 9.4 T, the 14 N and 1 H nuclei resonate at 28.9 and 400 MHz. The three ammonium protons, which rotate about the N-C a axis, act as three equivalent spy nuclei with S = 1/2. The sequence of Fig. 1 was used with RN sequences during five rotor periods, optimized to obtain the highest efficiency of two-way coherence transfer. The efficiency can be estimated from the ratio
Results and discussion
This ratio compares the signal amplitude of the first row S(t 1 = 0, x 2 ) of the 2D spectrum obtained with s exc = s rec (using phase-cycles appropriate for either 14 N SQ or DQ detection) and the signal amplitude S(s exc À p S À s rec , x 2 ) of a 1D spectrum obtained by Fourier transformation of the S-spin echo obtained without any 14 N pulses. The experimental efficiency of the two-way coherence transfer process is on the order of r = 9 and 4% for SQ and DQ spectra in partly deuterated glycine NH þ 3 CD 2 COO À , obtained with RN sequences at 9.4 T. With rotary resonance, on the other hand, Gan et al. [13] reported r = 5-6% for a SQ spectrum in natural abundance glycine. It remains to be seen whether the recoupling method that we have introduced in this Letter is more or less efficient than the rotary resonance (RR) method introduced by Gan et al. [13] . The performance will no doubt depend on instrumental parameters and on the nature of the sample. It appears preferable to leave it to a third party to evaluate the relative merits of the two approaches.
The optimum intervals s exc = s rec = 166.5 ls found in the experiments of Fig. 2 correspond to an effective recoupled dipolar interaction AED IS ae = 1/(2s exc ) = 3 kHz. Thus, in comparison to coherence transfer via scalar couplings or residual dipolar splittings (RDS) (which for 1 H-14 N pairs are on the order of J % RDS % 0.1 kHz, thus requiring s exc and s rec intervals on the order of 5 ms), recoupling of heteronuclear dipolar interactions allows one to reduce the s exc and s rec intervals from 5 ms to 166.5 ls, thereby considerably reducing T 0 2 losses in these fixed intervals. The projections onto the x 2 and x 1 dimensions, shown along the top and right side of each 2D spectrum, show that the 14 N 1 H þ 3 group has a 1 H linewidth of 600 Hz when spinning at 30.03 kHz, even without resorting to homonuclear decoupling in the t 2 detection interval, while the 14 N powder lineshapes span about 2.58 (SQ) and 1.94 (DQ) kHz, determined not only by the second-and third-order 14 N quadrupolar interactions, but also by the (predominantly homogeneous) 1 H decay in the t 1 evolution interval. The comparisons of experiments and simulations of the projections onto the x 1 dimensions (right) show that the DQ spectrum allows one to estimate C Q = 1.13 MHz and g Q = 0.28, while the SQ spectrum does not allow one to extract the quadrupolar parameters, possibly because of internal motions and errors in the adjustment of the magic angle. Fig. 3 shows experimental 14 N single-and double-quantum spectra of the rigid 14 N 1 H pair in partly deuterated Nacetylglycine CD 3 CONHCD 2 COOH. Since the NH group is rigid in this case, one expects a much larger 14 N quadrupolar coupling. All other protons were replaced by deuterium nuclei to reduce broadening by homonuclear In (a) , the fine-structure in the proton spectrum plotted along the horizontal x 2 axis is due to a combination of second-order quadrupoledipole cross-terms and scalar couplings. The artefacts near 15 ppm arise from the COOH protons. The vertical x 1 axis is calibrated to 0 ppm for NH 4 sequence was only applied during five rotors periods (s exc = s rec = 168 ls), optimized for the best ratio r. This corresponds to an effective recoupled dipolar interaction AED IS ae = 1/(2s exc ) = 3 kHz. The projection onto the x 2 dimension shows a 1 H spectrum which features a doublet determined by scalar and residual dipolar splittings; the proton linewidth is about 650 Hz when spinning at 29.76 kHz. The SQ 14 N powder lineshape (projection onto the x 1 dimension on the right-hand side of Fig. 3a ) spans about 13 kHz, determined mostly by the second-and third-order 14 N quadrupolar interactions, since the homogeneous 1 H decay in the t 1 evolution interval is greatly reduced by partial deuteration.
The comparisons of experimental and simulated spectra in Fig. 4 show a reasonable agreement for C Q = À3.21 MHz and g Q = 0.32. (In principle, the sign of C Q affects the first-order interaction [2, 23] , but it has no effect on our simulations). The large quadrupolar coupling C Q of the amide group makes the DQ signal difficult to detect at 9.4 T, because the second-order quadrupolar powder pattern has a width of ca. 22 kHz, while the spectral width in the x 1 dimension is limited to 30 kHz, since the t 1 increments must be synchronized with the rotor period. At 18.8 T (800 MHz), the width of the DQ powder pattern decreases to 11 kHz (see Fig. 3b ).
Conclusions
It has been shown at 9.4 and 18.8 T (400 and 800 MHz for protons) that indirect detection of nitrogen-14 spectra in solids via protons can greatly benefit from recoupling of heteronuclear dipolar interactions to protons using symmetry-based R20 9 5 sequences. This approach offers an alternative to recoupling of heteronuclear dipolar interactions by rotary resonance (RR) [13] . In contrast to experiments that exploit residual dipolar splittings (which decrease with increasing static field), the efficiency of the new method should be less dependent of the static field, although the dispersion of the chemical shift anisotropies increases with the static field. 
